The ever-growing energy requirements, the decreasing fossil fuel resources and the urgent need for environmental protection have spurred the search for sustainable energy alternatives, including both renewable energy sources and efficient storage technologies. Lithium/sodium (Li/Na)-ion batteries (LIBs/SIBs) are the most attractive and promising energy storage devices in the consumer market. The primary progress made by using advanced transmission electron microscopy (TEM) characterization and its close correlation with the battery properties are reviewed here. In addition, the atomic structure and chemistry of electrode materials are illustrated with respect to the surface reconstruction and the interface structure. The phase transformation and defect evolution are then discussed with respect to (1) the intermediate state of LiFePO 4 that results in a high rate capability; (2) the in situ electrochemical reaction on nanomaterials; and (3) the alloying reaction for the high-energydensity silicon (Si) anode. The fundamental science underlying the microstructure evolution has been explored in depth to the atomic level and is discussed further in the context of electronic structure theory. 
INTRODUCTION
There is an urgent need to build a sustainable society by developing clean energy technologies to replace fossil fuels. 1 In this respect, energy conversion and storage devices are highly desirable because they can shift the electric energy from peak to off-peak periods, thus resulting in efficient energy use. Rechargeable batteries, one of the most important energy storage devices, have evolved over the past years from lead acid through nickel-cadmium and nickel-metal hydride to lithium (Li)-ion batteries. Rechargeable batteries will be replaced by higher energy, lighter weight and lower cost Li-ion batteries (LIBs) in fields such as hybrid electric vehicles. 2, 3 Compared with LIBs, sodium (Na)-ion batteries (NIBs) are more cost effective, use a much more earth-abundant and environmental friendly metal Na and are suitable for stationary grid storage applications. 4 LIBs/SIBs have various applications (such as portable electronics, transportation and load leveling) owing to their high volumetric and gravimetric energy densities.
The performance of rechargeable batteries (that is, their energy density, capacity fade, rate capability and cycling life) is critically dependent on their electrode materials. 5 A number of characterization techniques have been used to investigate these electrode materials. For example, synchrotron X-rays provide a bright signal allowing study of the microstructure evolution on a global scale during charging/ discharging. In contrast, fast electrons with a small wavelength are used to image and characterize the material structure at a high resolution. By collecting the inelastically scattered electrons after the interaction of the electrons with transparent thin foils, the chemical composition and electronic structure of the material can be determined. Transmission electron microscopy (TEM), particularly after the introduction of aberration correctors, has evolved into a powerful tool for studying the crystal structure, chemical composition and electronic structure at atomic resolution. [6] [7] [8] A rechargeable battery can be considered as a live and functional system. The battery performance depends on the components of the individual materials, the interface engineering and the system optimization. 9 The design of better batteries requires an in-depth understanding of the relationship between properties and structure, especially that of the electrode materials at operation conditions. 10 Thus, in situ TEM is one of the most powerful tools to investigate the microstructure evolution that determines the battery performance. 11 
INTERFACE STRUCTURE
The practical implementation of some layered cathode materials is hindered by their high first-cycle Coulombic inefficiency, capacity fading and voltage instability, especially during high voltage operation. Specifically, these functional failures in cathode materials are directly associated with various irreversible electrochemical processes including O loss, concomitant Li-ion removal and side reactions at the solid-electrolyte interface. 12 A schematic of the layered-to-spinel transformation after charging can be found elsewhere. 13 Extensive structural studies on Li-Mn-rich cathode materials have shown a phase transformation from a layered structure (involving an initial phase change from a C2/m to a hexagonal R-3m phase after activation) to a spinel-like structure (Fd-3m space group) and finally to a disordered rock-salt structure (Fm-3m space group), as the electrochemical cycling progresses. 14 As shown in Figure 1 , pristine LiNi 0.4 Mn 0.4 Co 0.18 Ti 0.02 O 2 (NMC) powders exhibit a surface reconstruction layer after electrolyte exposure ( Figure 1a ) and after one cycle (Figure 1b) . Fast Fourier transform (FFT) results show a transition from a layered NMC (R-3m) phase to a rock-salt (Fm-3m) structure. These observations provide new insights into the origin of the capacity degradation and the impedance buildup in NMC materials under high voltage cycling conditions. In addition, the structural reconstruction at the surface is anisotropic, and it primarily occurs along the Li-ion transport direction (Figure 1e ). This finding suggests that the surface reconstruction is promoted by Li removal during charging, with a more severe reconstruction in the regions undergoing dynamic Li transport. Interestingly, loose atomic layers from the cubic rock-salt structure (indicated by blue arrows in Figure 1f ) have also been observed at the external surface of the reconstruction layers. 15 These loosely attached atomic layers are susceptible to dissolution into the electrolytes, thus potentially explaining the suspected Mn 2+ dissolution in a variety of Mn-containing cathodes. 16 Z-contrast high-resolution scanning transmission electron microscopy (STEM) also has provided evidence of the migration of surface transition-metal (TM) ions into the Li layer, thereby possibly affecting the TM-O bonding characteristics, as indicated by the electron energy loss spectroscopy (EELS) results. Moreover, a noticeable reduction in the Li signal has been observed in the EELS spectrum of the surface area (versus that of the bulk), a finding consistent with the observation that significant TM atoms occupy Li sites on the cycled surface. 17, 18 A detailed explanation of the electronic origin in the migration of TM ions and surface reconstruction can be found in the 'TM cation migration and TM-O coordination' section.
The interface is an intrinsic property that determines the ion and electron transport phenomena in battery materials. [19] [20] [21] [22] Microstructural characterization at the grain and phase interfaces has provided significant insight into the electrochemical transformation and the ion/electron conduction.
A three-phase separation mechanism has been proposed by Sun et al. 23 Li] 16d O 12 host, they are nearly indistinguishable in high-angle annular dark-field (HAADF) images, because of the lack of contrast between the Li columns (Figures 2b and e) . However, in annular bright-field (ABF) images, the contrast between the Li-ions can be identified at the 8a (Figure 2c (Figures 2d and g ). The HAADF images of the sodiated Li 4 Ti 5 O 12 reveal a significant contrast at the 16c site (Figure 2h ), that is distinguished from both the Li7 and Li4 phases. Thus, atoms with a large Z emerge at the 16c sites after Na ion insertion, probably because of the formation of a Na6Li phase. The ABF images of the Na6Li phase (Figure 2i ) reveal a contrast gap Image showing loose atomic layers on an NMC particle after one cycle. In all the images, the blue lines indicate the boundaries between the NMC layered structure and SRL. In all the images, the scale bars are 2 nm. Reproduced with permission. 15 Microstructure dynamics of rechargeable battery materials Y Wen et al between the different atomic columns that is significantly lower than that in the Li7 and Li4 phases, as shown in the line profile (Figure 2j ). Accordingly, a three-phase coexistence region is found in halfdischarged samples (Figure 2k ), with distinguishable Li7/Li4 and Li7/Na6Li phase boundaries (Figures 2l and m) . The interface (at the atomic scale) for a phase transition reaction in an electrochemically inserted sample is clearly visible, thus closely reflecting the real behavior of the battery. The two-phase boundaries of Li7/Li4 and Li7/Na6Li are sharp and show no dislocation (Figures 2l and m) , a result consistent with previous observations for a chemically lithiated Li 4 Ti 5 O 12 phase. 24 
PHASE TRANSFORMATION

Intermediate transition
Olivine LiFePO 4 has been used as a positive electrode in LIBs owing to its low cost and excellent safety features. Despite its insulating nature (an electronic conductivity of 10 − 9 S cm − 1 ), the use of cation-doped small particles and carbon coating has achieved a full theoretical capacity and high power operation. 19, [25] [26] [27] [28] [29] Since the discovery of LiFePO 4 , 30 its phase transformation and outstanding performance in high rate discharge/charge cycling applications have been under debate. [31] [32] [33] [34] Despite a number of intensive studies, the direct observation of the intermediate structure of Li x FePO 4 during phase transformation is lacking. Nishimura et al. 35 have demonstrated the presence of a long-range ordered metastable Li 2/3 FePO 4 phase. A polaronic charge-ordered structure has been determined from the electron diffraction pattern (EDP) at room temperature. In the ABF line profile, the contrast is inverted for a convenient visualization. Scale bar is 2 nm. (l, m) Line profiles that cross the Li7/Li4 (line A) and Li7/Na6Li (line B) boundaries, respectively. Reproduced with permission. 23 definitive structure can be attributed to the predominant charge ordering of Fe ions followed by the redistribution of Li-ions, thereby optimizing the local interaction. The charge transport at the interphase region across the biphasic boundary is the primary stage of the solid-state electrochemical reactions, in which the Li concentrations and the valence state of Fe significantly deviate from the equilibrium end members (that is, LiFePO 4 and FePO 4 ). 35 Gu et al. 36 have directly observed Li-ions in partially delithiated LiFePO 4 through aberration-corrected ABF-STEM, and have found that the remaining Li-ions preferably occupy every second layer (Figure 3 , bottom), similar to the staging phenomenon that occurs in some layered intercalation compounds. These results challenge the previously proposed two-phase separation mechanism. 36 Furthermore, a highly ordered LiFePO 4 -FePO 4 interface with an alternative Li staging structure perpendicular to the b axis and along the a axis has been observed in a partially (by chemical processes) delithiated 2% Nb-doped LiFePO 4 with a particle size of ∼ 200 nm. 37, 38 The formation of the Li-staging configuration is mainly attributed to the Fe center-mediated interlayer Li-Li interactions that represent an indirect electrostatic force. 39 However, the origin of both the ordered Li/vacancy staging at half-charged states (Li 1/2 FePO 4 ) and the polaronic charge-ordered superstructure in Li 2/3 FePO 4 , 35, 40 cannot be simply explained by the electrostatic repulsion of the intercalated Li-ions, and it will be further discussed in the 'Charge ordering and the Jahn-Teller effect' section.
The intermediate structure can act as a buffer that relaxes the lattice mismatch between the two end members (Li x≈0 FePO 4 and Li x≈1-FePO 4 ), thereby accelerating the phase boundary movement, as proposed by Orikasa et al. 31 This Li-deficient and mixed-valent state is expected to induce higher ionic/electronic conductivity than pristine LiFePO 4 and FePO 4 , thereby potentially enhancing the reaction kinetics. 41 
Conversion reaction
Understanding the microscopic mechanisms involved in the electrochemical reaction and the material degradation processes is crucial for the rational design of high-performance LIB and NIB devices. Lithiation/sodiation-induced volume expansion, plasticity and pulverization of electrode materials are the major mechanical effects that negatively affect the performance and lifetime of high-capacity anodes in rechargeable batteries. 42 Nanowires. Huang et al. 43 have proposed an in situ TEM experimental setup for imaging a SnO 2 nanowire electrode in an open electrochemical cell (Figure 4 , top). A reaction front progressively propagates along the SnO 2 nanowire during charging, thus causing the nanowire to swell, elongate and spiral. The reaction front is a 'Medusa zone' containing a high density of mobile dislocations that continuously nucleates and absorbs at the moving front, thereby allowing for a ca. 250% volume change while preventing fracturing at practical charging rates. This dislocation cloud reveals large in-plane misfit stresses that serve as a structural precursor for the electrochemically driven solid-state amorphization. 43 Figure 4 (bottom) shows a detailed structure and phase characterization of the SnO 2 nanowire before and after charging. Figure 4a reveals the presence of a region with a high density of dislocations separating the nonreacted and reacted segments of the nanowire. The nanowire is monocrystalline before the reaction, as revealed by the EDP (Figure 4b ). Immediately after charging, the nanowire shows a dark gray contrast (Figure 4a) , and the EDP of most areas shows amorphous haloes (Figure 4d ). After prolonged charging, the nanowire comprising small nanocrystals disperses in an amorphous matrix (Figure 4f ), and the EDP shows diffraction rings superimposed on diffuse amorphous halos (Figure 4e ). These diffraction rings can be indexed as hexagonal Li x Sn (orange indices in Figure 4e ) and tetragonal Sn (black indices in Figure 4e ) phases. The EDP from the reaction front (Figure 4c ) shows diffraction 36 Microstructure dynamics of rechargeable battery materials Y Wen et al spots superimposed on a diffuse scattering background. These diffraction spots are similar to those of the nonreacted nanowire, except that the zone axis of the former is slightly tilted with respect to the latter. Overall, the SnO 2 is initially reduced to nanocrystalline Sn and amorphous Li 2 O, thereby suggesting the following reduction reaction:
This is the 'forming stage', producing a Sn-containing anode. After this initial phase transformation, the operation of the Sn-LiCoO 2 battery is based on the following reversible reaction:
Zhong et al. 44 have further revealed the atomic-scale lithiation mechanism of an individual SnO 2 nanowire with a flooding geometry after contact with the electrolyte. The lithiation is initiated after the formation of multiple stripes several nanometers in width, parallel to the (020) plane traversing the entire wires that serve as multiple reaction fronts for subsequent lithiation stages. Within the stripes, a high density of dislocations and an enlarged interplane spacing are present, thereby providing an effective path for Li-ion transport. 44 Geometric phase analysis and density functional theory (DFT) simulation have revealed that Li-ions preferentially diffuse along the [001] direction in the {200} planes of the SnO 2 nanowires, thereby generating the above-mentioned lattice expansion and dislocation behavior. 45 At later lithiation stages, the formation of crystalline Sn and Li x Sn particles in the Li 2 O matrix is observed, a result nearly consistent with results from the in situ TEM study of a miniature battery using an ionic liquid-based electrolyte. 46 Nanoparticles. An in situ TEM setup for nanomaterials is illustrated in Figure 5a . A FeF 2 -C composite electrode was made with as-synthesized 10-20 nm FeF 2 particles dispersed on thin carbon films. The real-time morphological changes during lithiation were recorded by ADF imaging (Figures 5b and c) . The reaction front propagates extremely rapidly and sweeps across the particles in region I within a few seconds. In contrast, the reaction is delayed in subsequent regions (by ∼ 10 min in region II and no reaction occurs in region III even after more than 20 min). The reduced activity in regions II and III is probably because of the poor contact between the particles and current collector that inhibits ion and electron transport. The time-lapse images in Figure 5c show the electrochemical conversion of a single particle. A rapid surface reaction is triggered, thus leading to the formation of small, sub-nanometric Fe particles, followed by a reaction in the bulk that results in slightly larger (1-3 nm) Fe particles. Lithiation under an external bias clearly shows two different timescales for inter-and intra-particle Li + transport. The Liions appear to move quickly via surface diffusion along the carbon film and FeF 2 particles, and then they penetrate into the bulk at a significantly lower rate. During the conversion period, no observable coarsening of the newly formed Fe nanoparticles is seen (Figures 5b  and c) . This observation suggests an immediate decomposition reaction that occurs locally, with the formed LiF effectively blocking the interparticle Fe diffusion, thus preventing the coarsening. [47] [48] [49] Alloying reaction Si is an attractive anode material for LIBs because it has a low discharge potential while exhibiting a very high theoretical charge capacity (4200 mAh g − 1 ). The main challenges associated with Si 47 anodes are the structural degradation, and especially the instability of the solid-electrolyte interface caused by the large volume change (ca. 300%) during cycling, the occurrence of side reactions with the electrolyte and the low volumetric capacity of nanometric silicon. The development of Si anodes has stimulated the search for high power and high energy LIBs. [50] [51] [52] Despite the intensive study of this material, the atomistic mechanism involved in the electrochemical reaction of Si anodes remains unclear.
Liu et al. have observed a sharp interface (ca. 1 nm thick) between crystalline Si and amorphous Li x Si alloy phases in single-crystalline Si nanowires during dynamic lithiation. 53 The lithiation kinetics are controlled by the interface migration that occurs through a ledge mechanism involving the lateral movement of ledges on the close-packed {111} planes. Figure 6 presents close-up views of the atomic structure of an amorphous/crystalline interface (ACI) and unambiguously reveals a ledge mechanism for c-Si lithiation. The Ledges can move faster on the {111} facet and slower on the {112} planes. The ledge flow speed is inversely proportional to the ledge density that gives a constant radial etching rate. Reproduced with permission. 54 ledges, consisting of successive inclined 111 À Á atomic planes, are marked by seven arrows (Figures 6a-c) , and the red dot arrays represent a two-dimensional projection along the [1-10] direction of the pristine Si lattice within the Si nanowire core (Figure 6d ). The HRTEM images of Figures 6a-c show that the atomic arrangement at the ACI is highly distorted and exhibits a unique striped contrast with a disordered structure.
A ledge-mediated mechanism for solid-state amorphization is suggested by the dynamic observation of the ACI migration, with Li atoms being squeezed into the large open space between two neighboring 111 À Á bilayers (that is, two closely spaced 111 À Á atomic planes, such as Aa in the diamond structure with an AaBbCc stacking).
Thus, the 111 À Á bilayer spacing increases and leads to peeling of the top 111 À Á bilayer. Meanwhile, the ledges (that is, atomic steps) flow along the 111 À Á plane, and the Si atoms at the ledges 'dissolve' into the a-Li x Si phase. As a result, the lithiation reaction proceeds by atomic removal from the Si surface (alloyed into the a-Li x Si shell) during the migration of the ledges. As illustrated in Figure 6d , the peeling of the {111} facets occurs in a layer-by-layer manner through a lateral ledge flow in each layer. Figure 6e plots the lateral displacement (projected to the horizontal [111] direction) of the seven ledges versus time. Interestingly, at a similar radial Li flux from the nanowire surface to the center in this short length scale of ca. 10 nm, the speed of the ledge flow is inversely facet. This speed is 3.5 times faster than that observed when the ledges are sitting on the horizontal 112 À Á ACI (0.70d 111 s − 1 ). The amorphous Li x Si alloy is produced by such a ledge flow process through the layer-by-layer peeling of the {111} atomic facets, thus resulting in the orientation-dependent mobility of the interface. 53, 54 CHARGE COMPENSATION Mixed ion-electron conducting solid materials have many important applications as energy storage materials in batteries, thermoelectric energy conversion devices and catalysts for fuel-cell reactions. The reversible energy storage in rechargeable batteries is a typical example. However, despite a very long history of research on rechargeable batteries and their widespread use in our daily life, the correlated science for multiple condensed mobile species in solids remains to be established. Thus, one of the key issues lies in determining how opposite charges (that is, ions and electrons) move together in mixed conductors using the typical electrode materials of rechargeable batteries. 35 Anionic redox chemistry During the charge/discharge of LIB cathodes by de-and reintercalation of Li-ions, the electroneutrality is maintained by TM redox chemistry, thereby limiting the charge that can be stored. However, this mechanism is insufficient to account for the high capacities exhibited by the new generation of Li-rich layered or rock-salt (for example, Li 3 NbO 4 , 55 and Li 4 Mn 2 O 5 , 56 ) oxides that show an unusual Li reactivity. Luo et al. 57 have reported that O is extracted from the lattice during the cathode charging without any signs of O 2 evolution. They have demonstrated that, in addition to O loss, Li + removal is charge compensated by the formation of localized electron holes on the O atoms coordinated by Mn 4+ and Li + ions, and this mechanism promotes the localization (not the formation) of true O 2 2 − (peroxide, O-O ca. 1.45 Å) species. The quantity of charge compensated by both O removal and the formation of electron holes on the O atoms has been estimated and, in the case described here, the latter dominated. 57 Figure 7e shows the Fukui function that probes the change in the electron density as a result of an infinitesimal change in the total number of electrons. The shape of the Fukui function around the O atom shows overlapping lobes along the axis, joining the O-O pairs with short separations, a result consistent with the expected partially empty antibonding σ* orbitals of peroxolike species. 58 In contrast, Ceder and colleagues 59 Theoretical or experimental studies on the local structural components (for example, the TM-O vs Li-O coordination, bond hybridization and band structure) will provide a new direction for the design of high-energy-density cathode materials. 59 Electronic structure TM cation migration and TM-O coordination. For those phase transformations that involve the rearrangement of TM cations in octahedral sites within a fixed cubic closed-packed oxide framework (for example, the transformation of layered Li x MnO 2 to spinel), it has been indicated that the low-energy pathway for TM migration between octahedral sites involves the shared nearest-neighbor tetrahedral site (that is, O h → T d → O h ) rather than a direct transition between octahedral sites (that is, O h → O h ). 60 Thus, the lower the energy change for the TM ion migration between octahedral and tetrahedral coordination sites, the more easily these ions will be rearranged in a cubic closed-packed oxide, when the oxide transforms from a metastable structure to a stable one. As a result, the resistance to the transformation of metastable TM oxides within a cubic closedpacked oxygen sublattice (for example, Li x MnO 2 with α-NaFeO 2 structure) depends on the relative stability of the TM in the octahedral coordination as compared with that in the tetrahedral coordination. The availability of empty tetrahedra without any cations occupying the nearest-neighbor face-sharing octahedra is also an important factor that determines the ability of TM ions to migrate through a cubic closed-packed oxide. Such tetrahedral interstitial sites provide a relatively low-energy migration pathway by avoiding the highly repulsive interaction between face-sharing cations. 61 As discussed in 'Interface structure' section, cation migration most probably occurs at the solid-electrolyte interface, thus resulting in surface reconstruction. More specifically, Sathiya et al. 62 have noted that the migration of cations between TM metal layers and Li layers is an intrinsic feature of the charge-discharge process that increases the trapping of metal ions in the interstitial tetrahedral sites. A correlation between these trapped ions and the voltage decay has been established by expanding the study to both Li 2 Ru 1-y Sn y O 3 and Li 2 RuO 3 , and the slowest decay has been found to occur for the cations with the largest ionic radii. 62 Because O provides the octahedral framework for cations, the cation-anion coordination strongly influences the migration of both TM and Li-ions. For layered oxides after cycling, the magnitude of the O pre-peak and the valence of TM decreases at the near-surface region compared with the bulk region. 63 In TM oxides, the O pre-peak originates from the hybridization between the O 2p and unoccupied TM 3d orbitals. The decrease in magnitude of this peak corresponds to a greater filling of the Mn 3d orbital, a result indicative of a lower number of O atoms in the coordination shell of Mn. 64 Li and O deficiencies at the surface of LiMn 2 O 4 nanoparticle have been revealed by EELS analysis conducted with a Cs-corrected STEM. Thus, an ordered tetragonal Li 1 − x Mn 2 O 4 − δ phase has been detected along with the structure and composition changes at the surface region of the nanoparticle. An O-vacancy ordering has been confirmed to exist at the surface by HAADF-STEM. 64 The surface TM reduction is typically accompanied by O-vacancy formation owing to the charge compensation effect. The formation of (dilute) O vacancies and their roles in assisting TM ion diffusion have been further investigated using first-principle calculations. The activation barriers for TM diffusion in the presence of O vacancies are drastically reduced, thus allowing room temperature diffusion. 65 Charge ordering and the Jahn-Teller effect. The prevalence of electron or ion conduction during electrochemical reactions remains an open question in the field of mixed ion-electron conductors. As discussed in 'Intermediate transition' section, the superstructure in metastable Li 2/3 FePO 4 and Na 2/3 FePO 4 can be attributed to a predominant charge ordering of Fe ions followed by the redistribution of Li and Na ions, respectively, thus optimizing the local interaction. Through electron diffraction, a similar charge ordering has been found in various battery materials such as Na x CoO 2 (0.15oxo0.75) and LiMn 2 O 4 . An extensive series of ordered Na ion-Na vacancy superlattices has been observed beyond the hexagonal structure. The most strongly developed superlattice has been found for the Na 0.5 CoO 2 composition, displaying Co 3+ /Co 4+ charge ordering at low temperatures. 66 Meanwhile, charge ordering is accompanied by simultaneous orbital ordering owing to the Jahn-Teller effect in Mn 3+ ions. 67 Ceder and colleagues 68 have provided direct STEM imaging evidence that the superstructure of Na 5/8 MnO 2 is mainly controlled by Jahn-Teller distortions, thus inducing specific long-range Na-V Na interactions through Mn charge and d-orbital orderings rather than by electrostatic interactions. The cooperative Jahn-Teller effect refers to the correlation of distortions that arise from individual Jahn-Teller centers in complex compounds. This effect usually induces strong coupling between the static or dynamic charge, orbital and magnetic ordering. 68 In the Z-contrast image shown in Figure 8b , each dot corresponds to either a Na or a Mn atomic stripe projected along the [010] or the b direction. The periodic intensity modulation of one bright dot and three dark dots in the Na plane is proportional to the Na concentration in these stripes. Mn charge ordering has been observed in both STEM-EELS measurements (Figure 8a and c) , in which the L 3 /L 2 peak ratio is inversely proportional to the Mn charge state. There are three types of Mn atomic stripes: stripes for a pure Mn 3+ , a pure Mn 4+ and alternating Mn 3+ and Mn 4+ ions. Because, unlike Mn 4+ O 6 , the Mn 3+ O 6 octahedron is Jahn-Teller distorted, the periodic arrangement of these different stripes yields a cooperative Jahn-Teller effect that can be directly visualized by the rippling of the Mn layers, as shown in Figure 8b . In contrast to other alkali-vacancy systems, the Na ordering in Na x MnO 2 is controlled by the underlying combination of electrostatic and electronic structure interactions through the Jahn-Teller effect. 68 
PERSPECTIVES
The atomic structure, chemistry, phase transformation and charge compensation of the electrode materials in LIBs/SIBs are reviewed herein, as investigated primarily by advanced TEM. The focus of this review is the in-depth and dynamic understanding of the electrode materials under nonequilibrium conditions (that are similar to the usual operating conditions). Under these conditions, the behavior of the electrode materials is not dominated by the thermodynamic properties of the battery system. It has been shown that advanced TEM has the unique capabilities to identify surface reconstruction, interface structure, phase transformation, alloying reaction, anionic redox and even the electronic structure, among other aspects. The remarkable progress on aberration-corrected STEM techniques has enabled the direct characterization of both heavy and light elements in electrode materials. Specially designed open cell, liquid cell or all-solidstate microbatteries can further yield fruitful results in research in nonequilibrium electrochemical processes. Such in situ observations can contribute to elucidating the microscopic reaction mechanisms of electrode materials. The phase transformation of the electrode materials is accompanied by facile defect kinetics, including the generation and movement of the interface, dislocation and vacancy.
Furthermore, the origin of the redox process, the surface reconstruction and the phase transformation phenomena have been further explored in the framework of electron and lattice coupling. The results highlight the significance of the electronic structure on the electrochemical process. The knowledge obtained from operando TEM will provide guidance for developing better rechargeable batteries with high capacity, high rate capability and long cycle life characteristics.
Finally, battery materials containing Li are susceptible to electron-beam knock-on damage that may complicate the image interpretation. Under electron-beam irradiation, the surface and bulk of layered oxides undergo a phase transformation that is equivalent to that observed during charge-discharge cycling. 69 The presence of Li and O vacancies generated by e-beam irradiation is considered to be the primary cause of the phase transformation. 70, 71 Therefore, special caution should be paid to the selection of e-beam energy and imaging conditions for easy interpretation. In contrast, e-beam irradiation can provide a feasible stimulus that mimics the effect of electrochemical cycling, thereby triggering the phase transformation of oxides. 72 This will facilitate intensive studies on the localized nature of the structural transformation for battery materials.
